Introduction
============

Gastric cancer is one of the most common tumors and the third leading cause of death among malignant tumors in the world.[@b1-ott-11-5835] About 70% of new cases of and death from gastric cancer occur each year in East Asia, with China accounting for 42% of such cases.[@b2-ott-11-5835],[@b3-ott-11-5835] In recent years, with improvement of people's health conditions and dietary habits, the incidence of gastric cancer has declined. However, owing to the high metastasis and high recurrence rate of gastric cancer, the overall survival time of patients has changed significantly.[@b4-ott-11-5835] The 5-year survival rate of advanced gastric cancer is still lower than 20%.[@b5-ott-11-5835] Traditional treatment methods for gastric cancer, such as surgery, radiotherapy, and chemotherapy, failed to significantly improve the prognosis of gastric cancer patients.

Clinical epidemiology research reported that invasion and migration of cancer cells are the important reasons behind the high mortality rate of gastric cancer,[@b6-ott-11-5835] and some genes are of great importance in the regulation of this invasion and migration.[@b7-ott-11-5835] Although some progress has been made in the targeted therapy of these genes, because of the heterogeneity of tumor formation, interaction among multiple genes, and limitations of targeted drug carriers, the targeted therapy of gastric cancer is not effective.[@b8-ott-11-5835],[@b9-ott-11-5835] Therefore, it is critical to find new therapeutic targets and to provide reliable theoretical basis for further research on the mechanism of migration and invasion of gastric cancer cells.

TMEM119 is a member of transmembrane proteins (TMEMs) family that exists in the total biological membrane. Biological functions implicated that many TMEM members contributed to cancer development, including TMEM25, TMEM30B, TMEM39A, TMEM45A, TMEM127, and TMEM176.[@b10-ott-11-5835]--[@b13-ott-11-5835] TMEM119, also known as osteoblast induction factor, has been reported to be associated with osteoblast differentiation through BMP2-RUNX2[@b14-ott-11-5835] and ATF4/RUNX2/Osterix signaling pathways.[@b15-ott-11-5835] High TMEM119 expression was associated with poor outcomes in terms of overall survival in patients with prostate cancer.[@b16-ott-11-5835] TMEM119 was found to be overexpressed in borderline/malignant compared with benign phyllodes tumors of the breast, suggesting that TMEM119 is associated with the progression of breast cancer.[@b17-ott-11-5835] TMEM119 was downregulated in genetically unstable oral squamous cell carcinoma compared with normal fibroblasts.[@b18-ott-11-5835] Moreover, TMEM119 was highly expressed in osteosarcoma, was associated with poor survival of osteosarcoma patients, and promoted osteosarcoma cell migration and invasion through TGF-β/BMP signaling.[@b19-ott-11-5835] However, the functions of TMEM119 in gastric cancer still need to be explored.

STAT3 modulates the transcription of a wide variety of regulatory genes involved in cell apoptosis, differentiation, proliferation, migration, and other critical cellular functions. The amentoflavone analogues inhibited melanoma cell viability and induced apoptosis by suppressing the phosphorylation of STAT3.[@b20-ott-11-5835] The benzofuran-conjugated metal complex was identified as the STAT3 inhibitor showing the antiproliferative activity in the prostate cell lines.[@b21-ott-11-5835] AG490 that blocks activation of STAT3 by inhibiting the upstream kinase JAK2 is another STAT3 inhibitor widely used for testing the role of STAT3 in tumorigenic growth and metastasis of gastric cancer cells.[@b22-ott-11-5835]--[@b24-ott-11-5835]

In the present study, TMEM119 was overexpressed in gastric cancer tissues and cell lines and was associated with poor prognostic outcomes. Knockdown of *TMEM119* inhibited gastric cancer cell migration and invasion as well as p-STAT3, VEGF, MMP2, and MMP9 protein expression. Importantly, blocking STAT3 signaling pathway inhibited TMEM119-induced cell migration and invasion of gastric cancer and corrected TMEM119-induced increased expression of VEGF, MMP2, and MMP9. Our results demonstrate an important role of TMEM119 in the regulation of gastric cancer cell migration and invasion.

Materials and methods
=====================

Clinical samples
----------------

Tumor tissues and corresponding non-tumorous normal gastric tissues were harvested from 78 patients (17 females and 61 males) with gastric cancer treated at Zhejiang Hospital, aged between 28 and 78 years (median, 53 years), who were in stage I (n = 14), II (n = 36), IIIa (n = 24), and IIIb (n = 4) of the disease according to the criteria of the TNM classification system of malignant tumors (UICC, 1987).[@b42-ott-11-5835] All tissues were stored at −80°C until being analyzed. The study was approved by the ethics committee of Zhejiang Hospital. Written informed consent was obtained from all patients according to the guidelines of ethics committee.

Bioinformatics analysis
-----------------------

Survival rate data were downloaded from GEO (access id: GSE26253). Overall survival in relation to TMEM119 expression was evaluated by the Kaplan--Meier survival curve and the log-rank nonparametric test.

Cell culture
------------

The human gastric cancer cell lines, including AGS, SGC-7901, and MKN45, and GES-1 gastric epithelial cell lines were obtained from American Type Culture Collection (ATCC; Manassas, VA, USA), grown in RMPI-1640 (Hyclone, Logan, UT, USA) containing 100 U/mL penicillin, 100 μg/mL streptomycin, and 10% fetal bovine serum separately, and incubated at 37°C in a humidified chamber with 5% CO~2~.

Cell transfection and AG490 treatment
-------------------------------------

siRNA targeting human *TMEM119* mRNA (5′-UGGGA UAGUGGACUUCUUC-3′) and a nonspecific scramble siRNA sequence (control siRNA; 5′-UUCUCCGAACG UGUCACGU-3′) were synthesized and transiently trans-fected into SGC-7901 cells using Lipofectamine 2000 (Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer's instruction. *TMEM119* coding sequence was cloned into the pLVX-Puro lentiviral vector. Briefly, 293T cells were grown in six-well plate and transfected with pLVX-Puro-TMEM119 or blank pLVX-Puro vector at 37°C for 5 h using Lipofectamine reagent (Thermo Fisher Scientific) according to the manufacturer's instruction. After 48 h of transfection, recombined lentivirus vectors were collected and used for infecting MKN45 cells. MKN45 cells transfected or not transfected with pLVX-Puro-TMEM119 were treated with 30 μM AG490 for 48 h.

Transwell assay
---------------

After *TMEM119* siRNA or pLVX-Puro-TMEM119 transfection, cells were serum-starved in serum-free RPMI-1640 medium for 24 h, and cell suspension (5×10^4^ cells/well) was plated in the transwell chamber coated with (invasion assay) or without Matrigel (migration assay). The lower chamber was filled with 700 μL of RPMI-1640 medium supplemented with 10% fetal bovine serum. After 48 h of incubation, cells were fixed, stained, photographed, and counted under a ×200 light microscope (Olympus Corporation, Tokyo, Japan).

Real-time polymerase chain reaction (PCR)
-----------------------------------------

Total RNA was collected from gastric cancer cell lines and fetal gastric epithelial cell line by using Trizol reagent (Thermo Fisher Scientific). cDNA was synthesized using a PrimeScript reagent kit (DRR037A; TaKaRa, Otsu, Japan) according to the manufacturer's instructions. Real-time quantitative PCR using SYBR Green (Takara) was performed using the GeneAmp PCR Systems 2700 (Applied Biosystems). The primers used in the present study were as follows: *TMEM119*-F, 5′-GAGGCACTCTACGGAAAC-3′ and *TMEM119*-R, 5′-CGGGAGAATCGCTTGAAC-3′; *GAPDH*-F, 5′-CACCCACTCCTCCACCTTTG-3′ and *GAPDH*-R, 5′-CCACCACCCTGTTGCTGTAG-3′. *GAPDH* level was used as internal control. The relative quantification was calculated using 2^−∆∆Ct^ cycle threshold method.

Western blot analysis
---------------------

Cell total protein was extracted using a total protein extraction buffer (Beyotime Biotechnology, Shanghai, People's Republic of China). Fifteen microliters of protein was electrophoretically separated on a 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to nitrocellulose membranes (EMD Millipore, Burlington, MA, USA). The blots were incubated with antibodies to TMEM119, p-STAT3, STAT3, VEGF, MMP2, MMP9, and GAPDH overnight and subsequently incubated with secondary antibody. The blots were used to visualize the proteins using enhanced chemiluminescence reagents (Thermo Fisher Scientific).

Immunohistochemistry (IHC)
--------------------------

Tumor tissues from gastric cancer patients were extracted and prepared for immunohistochemical studies as described in a previous study.[@b25-ott-11-5835] Following incubation with goat anti-mouse horseradish peroxidase-conjugated IgG, the sections were stained with anti-TMEM119 primary antibody for 1 h at room temperature. For negative controls, Tris-buffered saline was used instead of primary antibody. Slides were stained with DAB (Shanghai Long Island Biotec. Co. Ltd, Shanghai, People's Republic of China) and hematoxylin (Sigma-Aldrich Co., St Louis, MO, USA). The fields from each slide were analyzed under a microscope (×400), and pictures were taken using an optical microscope with camera (Olympus BX-50; Olympus Optical, Tokyo, Japan).

Statistical analyses
--------------------

All the results are presented as mean ± standard deviation, and each test was repeated at least three times. All statistical analyses were carried out with the GraphPad Prism software using one-way analysis of variance followed by Tukey's post hoc test. A *P*-value of \<0.05 was considered to show a significant difference between two groups.

Results
=======

Higher TMEM119 expression is observed in gastric cancer tissues and associated with poor prognosis
--------------------------------------------------------------------------------------------------

To investigate the expression of TMEM119 in gastric cancer tissues, 37 samples of tumor tissues and their paired non-tumorous normal gastric tissues were included randomly in the study. As shown in [Figure 1A and B](#f1-ott-11-5835){ref-type="fig"}, TMEM119 expression was upregulated in gastric cancer tissues compared with that in corresponding non-tumorous normal gastric tissues as shown by real-time PCR and IHC analyses. To determine the prognostic value of TMEM119 in gastric cancer, the relationship between TMEM119 expression and survival time was analyzed in 78 patients with gastric cancer. As shown in [Figure 1C](#f1-ott-11-5835){ref-type="fig"}, survival analysis using Kaplan--Meier and log-rank tests revealed poorer overall survival in gastric cancer patients with higher TMEM119 expression compared with patients with lower TMEM119 expression. Similar outcome was also observed in GSE26253 database ([Figure 1D](#f1-ott-11-5835){ref-type="fig"}). These results demonstrated that TMEM119 is upregulated in gastric cancer, and higher TMEM119 expression is associated with poor prognosis of gastric cancer patients.

TMEM119 is highly expressed in gastric cancer cell lines
--------------------------------------------------------

Firstly, real-time PCR and Western blot analyses were performed to investigate the TMEM119 expression in gastric cancer cell lines. The results showed that TMEM119 mRNA and protein expression was higher in three gastric cancer cell lines, including MKN45, SGC-7901, and AGS, compared with GES-1, a gastric epithelial cell line ([Figure 2A--C](#f2-ott-11-5835){ref-type="fig"}). The protein level of TMEM119 in SGC-7901, AGS, and MKN45 cells was significantly increased by 3.4-fold, 2.3-fold, and 1.2-fold, respectively. Subsequently, recombined pLVX-Puro-TMEM119 vector was transfected into the MKN45 cells to upregulate TMEM119 expression. [Figure 2D--F](#f2-ott-11-5835){ref-type="fig"} shows that TMEM119 mRNA and protein expression was significantly increased by 8.5-fold and 56.2%, respectively, in MKN45 cells with pLVX-Puro-TMEM119 compared with that in SGC-7901 cells with blank pLVX-Puro vector transfection.

TMEM119 silencing inhibits cell migration and invasion of gastric cancer
------------------------------------------------------------------------

To further examine the function of TMEM119 in gastric cancer tumorigenesis, *TMEM119* siRNA or scramble siRNA (negative control) was transfected into the SGC-7901 cells to knock down *TMEM119* expression. The cell invasion and migration were measured by transwell analysis, and the expression of STAT3 and p-STAT3 as well as its downstream signaling proteins such as VEGF, MMP2, and MMP9 was measured by Western blot analysis. [Figure 3A--C](#f3-ott-11-5835){ref-type="fig"} demonstrates that TMEM119 mRNA and protein expression was significantly decreased by 84.9% and 60.1%, respectively, in SGC-7901 cells with *TMEM119* siRNA transfection compared with that in SGC-7901 cells with scramble siRNA transfection. *TMEM119* knockdown significantly inhibited SGC-7901 cell migration and invasion by 64.6% and 98.0%, respectively, compared with scramble siRNA transfection ([Figure 3D and E](#f3-ott-11-5835){ref-type="fig"}). Furthermore, *TMEM119* knockdown significantly inhibited the protein expression of p-STAT3, VEGF, MMP2, and MMP9, but had no effect on the STAT3 expression, when compared with scramble siRNA transfection ([Figure 3F--H](#f3-ott-11-5835){ref-type="fig"}).

TMEM119 overexpression promotes cell invasion and migration of gastric cancer
-----------------------------------------------------------------------------

Our results demonstrated that *TMEM119* overexpression significantly promoted MKN45 cell migration and invasion by 41.4% and 36.5%, respectively, compared with blank vector transfection ([Figure 4A and B](#f4-ott-11-5835){ref-type="fig"}). Furthermore, *TMEM119* overexpression significantly increased the protein expression of p-STAT3, VEGF, MMP9, and MMP2, but had no effect on the STAT3 expression, when compared with blank vector transfection ([Figure 4C--E](#f4-ott-11-5835){ref-type="fig"}). Taken together, our results suggest that TMEM119 may regulate migration and invasion of gastric cancer cells through STAT3 signaling pathway.

Blocking STAT3 signaling inhibits TMEM119-induced gastric cell migration and invasion
-------------------------------------------------------------------------------------

To confirm the hypothesis that STAT3 signaling pathway is implicated in TMEM119-induced migration and invasion of gastric cancer cells, a JAK2 inhibitor, AG490, was used in MKN45 cells. As shown in [Figure 4A and B](#f4-ott-11-5835){ref-type="fig"}, 30 μM AG490 treatment significantly inhibited MKN45 cell migration and invasion by 48.1% and 67.1%, respectively, compared with blank vector transfection. Furthermore, 30 μM AG490 treatment significantly inhibited p-STAT3, VEGF, MMP2, and MMP9 protein expression, but had no effect on the STAT3 expression, when compared with blank vector transfection ([Figure 4C--E](#f4-ott-11-5835){ref-type="fig"}).

Importantly, 30 μM AG490 treatment significantly inhibited *TMEM119* overexpression-induced migration and invasion of MKN45 cells by 37.2% and 49.1%, respectively ([Figure 4A and B](#f4-ott-11-5835){ref-type="fig"}). Furthermore, 30 μM AG490 treatment also significantly inhibited *TMEM119* overexpression-induced increases in the p-STAT3, VEGF, MMP2, and MMP9 protein expression, but had no effect on the STAT3 expression ([Figure 4C--E](#f4-ott-11-5835){ref-type="fig"}). Taken together, these findings indicate that TMEM119 enhances the invasion and migration of gastric cancer cells through activating STAT3 signaling pathway.

Discussion
==========

Gastric cancer is one of the most common malignant tumors of the digestive tract, and its development is associated with oncogene activation or overexpression. TMEM is a type of integral membrane protein that functions as a gateway to permit the transport of specific substances across the biological membrane. Increasing evidence has shown its role in tumorigenesis. For example, EMMPRIN is a highly glycosylated cell surface TMEM upregulated in gastric cancer patients, and its upregulation results in the motility and growth of gastric cancer.[@b26-ott-11-5835] *TMEM106A* overexpression was found in gastric cancer, and inhibited cell growth and induced apoptosis of gastric cancer.[@b27-ott-11-5835] In the present study, higher TMEM119 expression was found in gastric cancer tissues and correlated with lower survival rate. TMEM119 was upregulated in gastric cancer cell lines compared with normal gastric epithelial cell line, suggesting an oncogenic role of TMEM119 in gastric cancer. In line with our findings, some studies showed that TMEM119 was overexpressed in osteosarcoma, benign phyllodes tumors of the breast, and prostate cancer.[@b16-ott-11-5835],[@b17-ott-11-5835],[@b19-ott-11-5835] However, downregulated TMEM119 expression was observed in oral squamous cell carcinoma.[@b18-ott-11-5835] These results suggest that the expression pattern is different in different cancers.

Tumor metastasis is the most common cause of death in cancer patients. Although primary tumors are very dangerous, they cause death in only 10% of patients, while about 90% of patients die from metastasis. Tumor metastasis is a complex and multistage process, in which tumor cells in situ are disseminated to distant organs through a series of cascade reactions.[@b28-ott-11-5835] *TMEM45A* knockdown inhibited ovarian cancer cell adhesion and invasion, which involved focal adhesion signaling pathway and TGF-β signaling pathway.[@b29-ott-11-5835] *TMEM45A* silencing also inhibited glioma cell invasion and migration and decreased the MMP2 and MMP9 protein expression.[@b30-ott-11-5835] IFN-induced TMEM1 was overexpressed in head and neck squamous cell carcinoma and promoted cell invasion and the expression of MMP13 and MMP12.[@b31-ott-11-5835] *TMEM45B* knockdown inhibited invasion and migration of lung cancer cells as well as the expression of MMP9.[@b32-ott-11-5835] *TMEM49* knockdown inhibited adhesion and invasion of ovarian cancer cells as well as the expression of MMP2.[@b33-ott-11-5835] However, evidence on the function of TMEM119 in tumorigenesis, especially cell migration and invasion, was extremely limited. Only Jiang et al[@b19-ott-11-5835] showed that *TMEM119* silencing contributed to decreased migration and invasion of osteosarcoma cells and expression of metastasis-related proteins (MMP2, N-cadherin, E-cadherin, Vimentin, and Twist1), which in part agree with our findings that TMEM119 enhanced invasion and migration of gastric cancer cells as well as the MMP2 and MMP9 expression.

STAT signaling pathway plays an important role in many physiological processes such as cell growth and differentiation.[@b34-ott-11-5835] In physiological conditions, STAT is temporarily activated. However, the abnormal activation of STAT, especially the continuous activation, is closely related to the occurrence of many tumors. Previous study demonstrated abnormal activation of STAT3 in gastric cancer patients and strong correlation between STAT3 activation and the invasion, metastasis, and prognosis of gastric cancer.[@b35-ott-11-5835],[@b36-ott-11-5835] The important mechanism in the metastasis and invasion of cancer cells is the reconstruction of the basement membrane and the degradation of extracellular matrix, which requires the activation and expression of matrix metalloproteinases. Recently, MMP2 and MMP9, the most important metallo-proteinases, have been shown to play a critical role in tumor invasion, angiogenesis, metastasis, and recurrence through degrading various components of extracellular matrix.[@b37-ott-11-5835] In the present study, *TMEM119* overexpression promoted STAT3 activation, and its downstream signaling proteins MMP2 and MMP9 expression, in gastric cancer cells, which was corrected by AG490, suggesting that STAT3 contributes to TMEM119-mediated migration and invasion of gastric cancer cells. Similarly, knockdown of STAT3 was shown to inhibit motility and invasion of gastric cancer cells, as well as the activity of MMP2 and MMP9.[@b38-ott-11-5835]

New blood vessel formation or blood vessel regeneration is required for the process of tumor growth and metabolism. VEGF is the most direct factor to stimulate the growth of tumor vessels and accelerate the growth of tumor lymphatic endothelial cells, thereby playing a key role in the process of tumor invasion and metastasis.[@b39-ott-11-5835] A previous study demonstrated that gastric cancer cells expressing high levels of STAT3 also expressed high levels of VEGF, indicating a positive correlation between the expression levels of STAT3 and VEGF.[@b40-ott-11-5835] This is consistent with our findings that blocking STAT3 signal significantly inhibited TMEM119-induced VEGF expression in gastric cancer cells, which resulted in decreased cell migration and invasion. Moreover, blocking the activation of STAT3 in gastric cancer cells resulted in corresponding decrease in VEGF protein expression, which in turn resulted in decreased metastasis and invasion of gastric cancer cells.[@b41-ott-11-5835]

Conclusion
==========

Our results suggest that TMEM119 is upregulated in gastric cancer tissues and cell lines and regulates cell migration and invasion through STAT3 signaling pathway. STAT3 may be considered an important factor in the diagnosis and prognosis of gastric cancer in the future. However, its regulatory mechanism remains to be further explored.
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![Higher TMEM119 expression was observed in gastric cancer tissues and indicated a poor survival outcome. The expression of TMEM119 in gastric cancer tissues was measured by real-time PCR (**A**) and IHC (**B**). The overall survival time of patients with gastric cancer from our hospital (**C**) and GSE26253 (**D**) dataset was analyzed. \*\**P*\<0.001 compared with normal.\
**Abbreviations:** PCR, polymerase chain reaction; IHC, immunohistochemistry.](ott-11-5835Fig1){#f1-ott-11-5835}

![TMEM119 was highly expressed in gastric cancer cell lines. TMEM119 mRNA and protein expression in gastric cancer cell lines, including SGC-7901, AGS, and MKN45, and gastric epithelial cell line GES-1 was measured by real-time PCR (**A**) and Western blotting (**B** and **C**), respectively. TMEM119 mRNA and protein expression in MKN45 cells with recombined pLVX-Puro-TMEM119 vector transfection was measured by real-time PCR (**D**) and Western blotting (**E** and **F**). \*\**P*\<0.01 compared with GES-1 cells or vector.\
**Abbreviation:** PCR, polymerase chain reaction.](ott-11-5835Fig2){#f2-ott-11-5835}

![*TMEM119* knockdown inhibited SGC-7901 cell migration and invasion. TMEM119 mRNA and protein expression in SGC-7901 cells with *TMEM119* siRNA transfection was measured by real-time PCR (**A**) and Western blotting (**B** and **C**). Cell migration and invasion (**D** and **E**), and protein expression of STAT3, p-STAT3, VEGF, MMP2, and MMP9 (**F**--**H**) in SGC-7901 cells after *TMEM119* siRNA transfection was measured by transwell and Western blot analysis, respectively. \*\**P*\<0.01 compared with scramble siRNA.\
**Abbreviation:** PCR, polymerase chain reaction.](ott-11-5835Fig3){#f3-ott-11-5835}

![AG490 treatment inhibited TMEM119-induced MKN45 cell migration and invasion. Cell migration and invasion (**A** and **B**), and protein expression of STAT3, p-STAT3, VEGF, MMP2, and MMP9 (**C**--**E**) in MKN45 cells with recombined pLVX-Puro-TMEM119 vector transfection and/or AG490 (30 μM) treatment was measured by transwell and Western blot analysis, respectively. \*\**P*\<0.01 compared with vector. ^\#\#^*P*\<0.01 compared with TMEM119.](ott-11-5835Fig4){#f4-ott-11-5835}
